We compared the abundances of flying insects along undisturbed lakeshores and riparian buffer strips in balsam fir (Abies balsamea) forests in western Newfoundland. Insects were collected in pan traps placed on the forest floor and tanglefoot (sticky) traps suspended within the live canopy. Significantly greater numbers of insects were captured in riparian buffer strips than in undisturbed shorelines for four of five size classes in the canopy and two of five size classes in the understory. Collections were dominated by adult Diptera and Hymenoptera. Mean capture rates along buffer strips were 120-200% of the mean capture rates along undisturbed shorelines. This increase was greatest for large-bodied insects. A likely explanation for our observations is that buffer strips act as windbreaks, collecting airborne insects blown in from adjacent clearcuts and lakes. This phenomenon has been widely documented in agricultural landscapes. Understory wind speed was generally greater along buffer strips than controls, which is a reflection of increased exposure caused by clear-cutting. A concurrent parallel study conducted at the same sites investigated the effects of riparian buffering on breeding bird assemblages. Ubiquitous insectivorous birds, including the yellow-rumped warbler (Dendroica coronata) and blackpoll warbler (Dendroica striata), were more abundant along buffer strips than undisturbed shorelines, possibly in response to increased prey availability. Increased food availability may in part explain the high numbers of insectivorous birds typically observed in riparian buffer strips in boreal forests.
Introduction
During timber harvesting, shoreline vegetation is typically protected in Canadian boreal forests by preserving riparian buffer strips of intact forest between clearcuts and water bodies. In addition to limiting adverse effects of harvesting on water quality and aquatic habitat, riparian buffering is generally promoted as a means of reducing negative effects on wildlife. Although several studies have investigated the effects of riparian buffers on the local abundance of terrestrial and aquatic vertebrates (e.g., Barton et al. 1985; Johnson and Brown 1990; Triquet et al. 1990; Darveau et al. 1994 Darveau et al. , 1995 Darveau et al. , 1998 McCarthy 1997; Forsey 1999; Whitaker and Montevecchi 1999) , little or nothing has been done to assess differences in habitat quality between riparian buffer strips and intact shorelines.
Most boreal forest fish, amphibian, reptile, and bird species, as well as many mammals (e.g., Chiroptera and Insectivora), depend on insects as primary food sources for part or all of the year. Insects, particularly those that take to the air, are sensitive to many microclimate variables, most of which are altered both in deforested areas and for hundreds of metres into adjacent residual forests following clearcut harvesting (Chen et al. 1995) . Wingless airborne insects (e.g., ballooning caterpillars) drift with the wind, as do airborne winged insects when wind velocity exceeds their maximum flight speed. Travel speeds of actively flying insects are estimated to range from 0.08 m·s -1 for some mosquitoes up to 14 m·s -1 for bees (Apis spp.) and horseflies (Tabanus spp.), and are typically positively related to insect size (Johnson 1969 ). Clear-cutting, which leads to increased wind velocity near the ground (Chen et al. 1995) , likely results in a downwind drift of many airborne insects and may discourage weak-flying insects from flight. Insects are poikilotherms, and their flight muscles must be adequately warm for them to generate sufficient power for flight. Thus there is a species-specific minimum temperature threshold that must be achieved before an insect can take flight (Pedgley 1982) . This results in a positive relationship between insect activity and ambient temperatures, which are altered following clear-cutting (Chen et al. 1995) . As a result of these and undoubtedly numerous other factors, there is reason to expect that the preservation of riparian buffer strips during clear-cut harvesting has the potential to dramatically influence the spatial distribution and activity level of flying insects. It is likely that such an effect would have a direct influence on the quality of shorelines as foraging habitat for many boreal forest vertebrates.
In eastern North American boreal forests breeding birds are more abundant and avian assemblages more diverse along riparian buffer strips than along undisturbed shorelines (Darveau et al. 1995; Whitaker and Montevecchi 1999) . This effect has been attributed to both the redistribution and aggregation of birds displaced by forest harvesting (Darveau et al. 1995) and occupation by ubiquitous and open-ground bird species (Darveau et al. 1995; Whitaker and Montevecchi 1999) . Most songbirds are primarily insectivorous during the breeding season and feed their young on insects during early development (Gill 1990) . As in many other ecosystems, songbird numbers in boreal riparian buffer strips may be influenced by the availability of insect prey (e.g., Blake and Hoppes 1986; Holmes and Schultz 1988; Gray 1993; Burke and Nol 1998) . Consequently, it is of interest to know whether buffer strips represent high-quality habitat patches for songbirds because of high insect prey availability.
In an effort to achieve a more comprehensive ecosystem perspective on the effects of forest-harvesting practices, we sampled insect abundances in conjunction with studies of the bird assemblages inhabiting riparian buffer strips. We collected flying insects in the canopy and understory of riparian buffer strips and undisturbed shoreline forests. In addition to a preliminary assessment of the effects of riparian buffer strips on insect numbers, we relate findings to differences in the bird assemblages inhabiting these and other nearby shorelines.
Methods

Study area
Research was conducted on insular Newfoundland, at the southeastern limit of the North American boreal forest. Study sites were located alongside lakes in the Grindstone Pond and Corner Brook Lake watersheds in western Newfoundland (approximately 49°N, 58°W). These two watersheds, which are separated by about 60 km, are located in the Corner Brook Subregion of the Western Newfoundland Ecoregion, which falls within the midboreal vegetation zone (see Damman 1983) . Forest cover on study sites was dominated by 50-to 100-year-old balsam fir (Abies balsamea), though black spruce (Picea mariana) was also common, particularly on wet soils in riparian zones. Shoreline vegetation also was characterized by high densities of large shrubs, particularly alders (Alnus spp.). White spruce (Picea glauca), white birch (Betula papyrifera), yellow birch (Betula lutea), red maple (Acer rubrum), pin cherry (Prunus pensylvanica) and eastern larch (Larix laricina) were common on suitable sites throughout the region (Damman 1983; Scruton et al. 1995; Whitaker and Montevecchi 1997) . Forest harvesting, almost exclusively clear-cutting, is common in western Newfoundland, and riparian buffer strips of 20 m width more or less are typically left during logging operations. Clearcuts 3-10 years post harvest typically support a dense vegetation cover dominated by naturally regenerating balsam fir, forbs, and shrubs, particularly mountain maple (Acer spicatum) and raspberry (Rubus idaeus).
Data collection and analysis
In each of the two watersheds, transects 200 m long were established along three undisturbed lakeshores (controls) and along three buffer strips. Care was taken to ensure that no timber harvesting had occurred within 300 m of the undisturbed shorelines, although some small natural forest openings (e.g., due to bogs or insect defoliation) were present. Buffer strips were 25-40 m wide, and adjacent clearcuts were greater than 10 ha and had been present for 4 or 5 years. Buffer-strip transects were established parallel to the shoreline and approximately midway between the water's edge and the clearcut. Each control transect was the same distance from the shoreline as the nearest buffer-strip transect (≈ 10-20 m) .
Trapping stations for invertebrates were placed at the beginning, middle, and end of each transect, and so were separated by 100 m (3 stations/transect × 6 transects/shoreline type = 18 stations/ shoreline type). At each station a yellow pan trap (33.0 × 18.4 cm = 607 cm 2 surface area) containing propylene glycol was placed on the ground. Pan traps were 10.8 cm deep and were situated above the soil so as to reduce captures of ambulatory invertebrates. A pulley system was also placed at each station to suspend a yellow, double-sided tanglefoot (sticky) trap (Aerokure ® International Inc.; 2 × 12.5 × 10.0 cm = 250 cm 2 surface area) within the lower live canopy of the forest, typically at a height of 6-12 m. Traps in the Grindstone Pond watershed were set on 20 June 1995; those in the Corner Brook Lake watershed were set on 21 June 1995. Stations were visited at 3-day intervals for 30 days (10 visits). This corresponded roughly to the period during which most species of migratory songbirds that breed in the region were feeding nestlings and fledglings (D.M. Whitaker, personal observation). All collections were made in the morning and traps were always visited in the same order so the time between consecutive visits to each station was approximately 72 h. During a visit, all insects were removed from the pan traps and preserved in 70% ethanol for later analysis. Owing to the nature of tanglefoot traps, transporting and storing insects caught on them was impractical. Consequently, insects caught on them were classified to order and size class (<2, 2-4, 4-6, 6-10, or >10 mm) in the field. Following this, new tanglefoot cards were set in the canopy and the cleaned pan traps put back in place. Also, starting on the second visit, a hand-held Anemo Dueta ® anemometer was used to measure understory wind gust speed at each station on each visit. On a later date, invertebrate samples from pan traps were analyzed and classified in a similar manner to those from tanglefoot traps.
For data analyses, samples collected at the Grindstone Pond and Corner Brook Lake sites on consecutive days were treated as a single sample (e.g., time period 1 includes samples collected on 23 and 24 June 1995). Wingless invertebrates (e.g., Formicidae, larval Lepidoptera, spiders, etc.) were not included in the analyses, in which only actively flying insects were considered (e.g., adult Diptera, Hymenoptera, Coleoptera, etc.). Excluded wingless insects represented <1% of all captures. To avoid pseudoreplication (Hurlbert 1984) , average captures from the three traps on each transect were used for statistical analyses (6 transects/shoreline type × 10 sampling periods = 60 observations/shoreline type). To make the data fit a normal distribution, observations were log-transformed prior to analyses (log (y + 1), where y is the number of insects; Sokal and Rohlf 1995) . Numbers of insects collected along riparian buffer strips and control shorelines were compared using a mixed linear model, with time period, shoreline type, and the interaction between these two as fixed effects (Littell et al. 1996 ; PROC MIXED, SAS Inc., Cary, N.C.). Time is often treated as a random effect but was considered to be a fixed effect here because the sampling period was deliberately selected to coincide with the period when songbirds were most actively feeding their young (Bennington and Thayne 1994) . Transect (i.e., site) was not included as a variable in the final models, as this was not found to be an important factor for explaining the observed capture rates. Data sets may not have met the assumption of independent errors within sampling units implicit in mixed models because they include 10 repeated samples per transect (i.e., samples collected at a location close together in time are likely more similar than those taken farther apart). To account for this potential lack of independence, the time covariance structure was incorporated into the model as an additional random effect (Littell et al. 1996 ; REPEATED subcommand of PROC MIXED, SAS Inc., Cary, N.C.). Consequently, the sampling units were the individual transects nested within shoreline type. An autoregressive order 1 time covariance structure (AR(1)) best fitted the data, based on Akaike's Information Criterion (AIC) and Schwarz's Bayesian Criterion (SBC), and so it was specified in all analyses (Littell et al. 1996) . Wind-speed measurements were compared between buffer strips and control shorelines using the same mixed linear model that was used for the insect samples. Again, the raw wind data were log-transformed prior to analysis. This study was exploratory in nature, so the level of significance was set at α = 0.10 for all tests (Steidl et al. 1997) .
Results
Mean numbers of flying insects collected along buffer strips were greater than those collected along control shorelines for all size classes of insects and for both canopy tanglefoot and understory pan traps (Table 1, Fig. 1 ). Significant differences were detected for four of five size classes in the canopy, for two of five size classes in the understory, and approached significance for the remaining data sets (Table 1 ). The extent of this effect was quite variable, with mean numbers of insects collected along buffer strips ranging from 1.2 to 2.0 times those collected along undisturbed shorelines, but generally increasing with insect size class, particularly in the canopy (Table 1 ). The AR(1) time covariance parameter was significant in 9 of 10 tests, suggesting that there were strong trends in capture rates over time (Table 1) . These seasonal patterns are evident if capture rates are plotted over time (Fig. 1) . Capture rates of small insects were generally highest at the beginning of the trapping period and decreased over time, while captures of larger insects appeared to be more stable or peak later in the season (Fig. 1) . The time main effect was also highly significant in all tests, suggesting high variability in capture rates around the overall trend from one sampling period to the next (Table 1) . In three tests, the influence of shoreline type on insect prey abundance was dependent upon time (i.e., a significant shoreline type × time interaction; Table 1 ). As the total number of prey items in each size class was consistently greater in buffer strips than in undisturbed habitats (Fig. 1) , then a significant interaction between shoreline type and time suggests that in some cases, the magnitude of differences varied among sampling dates (e.g., the slopes of a regression of capture rates over time differ ; Littell et al. 1996) .
Overall, collections were dominated by dipterans (89.1%), with the orders Hymenoptera (6.8%), Coleoptera (2.1%), Trichoptera (0.8%), Thysanoptera (0.5%), Ephemeroptera (0.4%), Hemiptera (0.1%), Lepidoptera (<0.1%), and Plecoptera (<0.1%) also being represented. Large insects were seldom caught and proportional composition differed from the overall collection. For example, Diptera represented only 55% of insects >10 mm in length, while Hymenoptera (20.0%), Ephemeroptera (10.0%), Trichoptera (8.5%), Coleoptera (3.5%), and Lepidoptera (2.5%) accounted for a much greater proportion of this size class than they did in the overall counts.
Mean understory wind speed was significantly greater at trapping stations placed in buffer strips than those placed along undisturbed shorelines ( Table 2 ). The AR(1) time covariance structure was not significant, indicating that there was no overall trend in wind velocity over time. However, the time period main effect was significant, reflecting variability in wind velocity from one sampling occasion to the next (Table 2 ).
Discussion
Capture rates of insect were consistently higher along riparian buffer strips than along undisturbed shorelines. We hypothesize that riparian buffer strips provide shelter from strong winds, and thereby act as collecting sites for insects blown in from exposed clearcuts and lakes. Such an effect has been widely documented in agricultural landscapes and shown to be common to a variety of types of windbreaks, including walls, wooden fences, artificial windbreaks, hedgerows, and shelterbelts of tall trees (Lewis 1965 (Lewis , 1967 (Lewis , 1969 (Lewis , 1970 Pasek 1988) . Riparian buffer strips interrupt wind flow between exposed clearcuts and lakes and in this respect are structurally analogous to windbreaks in open agricultural landscapes. The zone of maximum accumulation of insects on the leeward side of a windbreak is influenced by its permeability, orientation to the wind, wind velocity, and the flight strength of insects (Lewis and Stephenson 1966; Lewis 1967 Lewis , 1969 Pasek 1988 ). Accumulations of flying insects are greatest at a distance of 1-3 h (where h is windbreak heights) downwind, are measurable up to 7 h downwind, and extend 1.5-2 h above ground (Pasek 1988) . Based on this, it seems possible that the increases we observed might have been much greater had we sampled on the leeward side of the buffer strips. It is not surprising that we observed significant variability in insect captures around the general trends over time, or that in several cases the magnitude of the differences in insect capture rates between shoreline types was dependent upon sampling date (as indicated by significant shoreline type × time interaction). Variability in wind velocity and angle of incidence would have influenced the numbers and distribution of insects in and around buffer strips (Pasek 1988 Note: Tests were carried out via a mixed-model analysis of variance, using a likelihood-based procedure that reports a Wald's Z statistic for random effects and a F statistic for fixed effects (SAS Inc., Cary, N.C.). AR(1) denotes the autoregressive order 1 time covariance structure and values in boldface type are significantly different at α = 0.10.
a Values are given as the average number (mean ± SE) of insects captured per trap for each 3-day sampling period. Table 1 . Results of analyses comparing numbers of insects captured in two trap types along riparian buffer strips and undisturbed shorelines (120 observations/data set). of Newfoundland is often very patchy, especially for social and semisocial hymenopteran species (A.L. Carroll, unpublished data). That we found wind speeds to be greater in riparian buffer strips than in undisturbed riparian forests may at first seem to contradict our contention that insects accumulate in and around buffer strips because they provide shelter. However, wind speeds are higher in clearcuts than in intact forests and decrease exponentially from clearcut edges into forests (Chen et al. 1995) . Stark evidence of the more extreme wind regime caused by clear-cutting was provided by the high numbers of windthrown trees observed along the edges of buffers and clearcuts in the study area (Whitaker 1997 ; see also Darveau et al. 1994) . It is logical to view buffer strips as offering shelter in an exposed environment. Helle and Muona (1985) reported higher numbers of flying insects along clearcut edges than along the open clearcuts or forest interior in Finland, with the higher numbers being restricted to the wooded side of the edge. This concurs with the results of studies of the effects of wind on insect distributions, which have shown that flying insect accumulation is greatest on the leeward side of windbreaks (Pasek 1988) . Most or all edges between forests and openings may, depending on wind conditions, concentrate flying insects. Helle and Muona (1985) also reported increased abundances of nonflying invertebrates along clearcut edges, but this effect was observed on both the deforested and intact sides of the edge. This finding suggests that invertebrate production was also high along the clearcut edges they studied, and we cannot discount the possibility that this occurred in the buffer strips we studied. Such effects as increased amounts of new dead wood and injured trees, changes in understory microclimate and vegetation, and changes to adjacent aquatic habitat could favor a number of terrestrial and aquatic invertebrate species.
Breeding-bird assemblages along the same shorelines, as well as others in the region, were studied concurrently with the insect sampling presented here (Whitaker and Montevecchi 1997, 1999) . In spite of a >30% increase in total numbers of birds in riparian buffer strips, no significant differences were detected in abundance between buffer strips and undisturbed shorelines for most bird species (total = 37 species; Whitaker and Montevecchi 1999) . However, species from two groups, those associated with open ground and edge habitats (e.g., clearcuts) and ubiquitous species (i.e., found in all major terrestrial habitat types in the local landscape), were significantly more abundant along riparian buffer strips (Whitaker and Montevecchi 1999) . Similar responses by the same species, as well as others having comparable habitat associations, have been observed in balsam fir forests elsewhere in eastern North America and typically lead to a local increase in overall bird density following the creation of riparian buffer strips (Darveau et al. 1995; Whitaker and Montevecchi 1999) . Increased numbers of open-ground birds (e.g., white-throated sparrow (Zonotrichia albicollis), mourning warbler (Oporornis philadelphia), magnolia warbler (Dendroica magnolia)) may be explained primarily by the creation of suitable deforested habitat. However, the reasons for the increase in numbers of ubiquitous species are not as obvious. Two common ubiquitous species were significantly more abundant along buffer strips than undisturbed shorelines: blackpoll warbler (Dendroica striata; 0.56 vs. 0.13 individuals/ transect) and yellow-rumped warbler (D. coronata; 2.25 vs. 1.31 individuals/transect; Whitaker and Montevecchi 1999). Also, olive-sided flycatchers (Contopus borealis) were too rare to test statistically but were only observed in riparian buffer strips (Whitaker and Montevecchi 1999) . These species forage heavily on insects, hawking and sallying for flying prey and gleaning food from foliage (Bent 1963; Dunn and Garrett 1997) . Even while gleaning, birds may be preying heavily on flying insects, as many warblers glean most actively during cool periods in the morning and evening, when insects are less active (Hutto 1981) . Consequently, riparian buffer strips, which accumulate flying insects, may represent high-quality food patches for these insectivorous birds, leading them to settle in high numbers.
Small-bodied insects were most abundant early in the season, whereas large insects became more prevalent as the season progressed (Fig. 1) . Many songbirds that prey on flying insects select intermediate-sized individuals (2-10 mm; Raley and Anderson 1990) . Thus most forest birds in the region were most actively feeding nestlings and fledglings when numbers of these insects were greatest (D.M. Whitaker, personal observation). A similar concurrence between feeding young and a seasonal peak in insect availability was observed in riparian habitats in Arizona (Rosenberg et al. 1982) , which may help to increase the reproductive success of insectivorous birds. Also, relative differences in insect abundance between riparian buffer strips and intact forests increased with insect body size. Large insects, which are high-quality food items for insectivores, are less likely to be carried over the top of windbreaks than small ones because of their greater inertia (Lewis and Dibley 1970) .
We hypothesize that riparian buffer strips concentrate flying insects and as a result represent high-quality feeding habitat for those aerial foraging and foliage-gleaning insectivorous bird species that are not restricted to specific habitat types absent from buffer strips (e.g., interior forest). Ele- vated densities of insect prey, combined with high habitat diversity, may lead to the high density and diversity of breeding-bird assemblages along riparian buffer strips (Darveau et al. 1995; Whitaker and Montevecchi 1999) . Other insectivorous wildlife, such as bats (Chiroptera), spiders (Arachnida), and dragonflies (Odonata), which forage heavily on localized concentrations of flying insects along forest edges, may also treat buffer strips as high-quality habitat patches (Helle and Muona 1985; Rachwald 1992; Clark et al. 1993; Wunder and Carey 1996; Baird and May 1997; Swift 1997; Verboom and Spoelstra 1999) . For example, Verboom and Spoelstra (1999) demonstrated that pipistrelle bat (Pipistrellus pipistrellus) foraging activity was concentrated along tree lines, and that this pattern was more pronounced during high winds or angles of incidence of wind from 45 o to 90 o . Similarly, fish such as brook trout (Salvelinus fontinalis) and creek chub (Semotilus atromaculatus), which feed heavily on allochtonous arthropods (Scott and Scott 1988; Garman and Moring 1993) , may benefit from increased inputs of terrestrial insect prey along buffered shorelines. However, caution must be exercised in extrapolating local increases in abundance and habitat quality to the landscape or population level. The net effect of habitat loss through clear-cutting and fragmentation, as well as possible negative effects on reproductive success, may exceed any local benefits a species derives from buffer strips. Also, increased wind exposure may also reduce the value of buffer strips to overwintering forest birds, which avoid exposed edges during high winds and cold weather (Dolby and Grubb 1999) . Such wind-mediated responses between predators and prey occur in a variety of circumstances, many of which are not obvious at initial inspection (e.g., swifts (Apus apus) foraging on insects aggregated along highaltitude weather fronts (Elkins 1983 ) and glaucous gulls (Larus hyperboreus) hunting along cliff faces (Gilchrist et al. 1998) ). We should expect to find many more wind-mediated effects on predator-prey relationships.
